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Objectives of the testing were to obtain necessary data to determine a

valid mathematical model for a universal turret system and to test the per-

formance of optimal turret controllers designed and built for the UTS using

that model.
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controller performance testing. First, the model determination testing is
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INTRODUCTION

This report covers the testing performed on the 197 turret (also known as
the Universal Turret System (UTS)J at the Ware Simulation Center (WSC), October
1980 through May 1981, and the improvement in turret performance obtained by
implementation of an optimal controller for the turret. Each phase of the test-
ing program is discussed in the report: preparation of the turret, test setup,
test plan, and actual testing. Details of the optimal control implementation, a
brief interpretation of the test results, and conclusions are presented.

Testing was conducted on the UTS to obtain data necessary to determine vali-
dated mathematical models of the azimuth and elevation control system of the
turret. These models will be used to design several optimal controllers for the
UTS. One optimal controller has been designed for the UTS with the use of pre-
liminary data. This model was evaluated by nonfiring tests conducted on the
turret at WSC. Further optimal controllers will he designed for the UTS once the
validated model is determined. These controllers will also be evaluated with
test data obtained at WSC. The ultimate goal of the work is to demonstrate the
feasibility of designing a controller by use of modern optimal-control-theory
techniques to provide improved turret performance over that provided by existing
controllers.

BACKGROUND

This work is a continuation of the testing performed during 1979 and 1980
with an early prototype, the XK97 turret. In that program, a mathematical model
of the xM97 turret was first experimentally determined. With the model known,
modern-control-theory techniques were used to design several optimal controllers
for the XK97 turret. These controllers were evaluated by means of firing and
nonfiring tests on the X197 turret at WSC. The test results showed that the
optimal controllers provided improved performance over that of the existing con-
ventionally designed controller.

When the improved performance was obtained on the X197 turret, a decision
was made to attempt to extend the results to a production turret. This effort
began when a production UTS was obtained and led to the testing described in this
report. The testing results provided the necessary information to produce opti-
eally designed controllers for the UTS, which were tested at the WSC.

TURRET DESCRIPTION

The turret tested at WSC is a production model M97 (S/N 1000001) manufac-
tured by GeAral Electric Company. In the field, the UTS is mounted on the AH-IS
aircraft and contains the 1197 20-mm automatic gun. However, the UTS was
designed to be adaptable to a variety of weapons, including the 7.62-m and 30-mm
woapons. The UTS is activated in both aimuth and elevation channels by a con-
troller which employs position, rate, and motor-current feedback to control elec-
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tric motors. In addition to the turret motion control circuitry, the UTS con-

tains hardware that handles the weapon fire control.

TEST PROCEDURE

Preparation of Turret

The production model M97 turret and several of its electronic units were
used in the test. The Interface Control Unit (IFCU) and several electrical
interconnecting harnesses used in the fielded UTS were not available. The avail-
able turret electronic units (gun control, logic control, and turret control
assemblies) were interconnected in accordance with the UTS interconnection dia-
gram shown on Bell Helicopter drawing number 209-475-049. However, because of
the special needs of the test and because no IFCU was available, the procedure
involved slight deviation from the drawing. All necessary interconnecting cables
were designed and fabricated at WSC. An operational turret suitable for testing
was obtained with the use of the available hardware. The UTS turret controller
is intact and operational, together with the electrical driving motors in both
azimuth and elevation channels. Since no sights or control handles were used,
the IFCU was not needed, and the necessary modifications were made to the wiring
harness design.

Position commands are input to the elevation and azimuth channels by means
of a modified M28 sight simulator (SS) that was connected to the UTS. This SS
contains a resolver chain to which the turret resolver chain x-, y-, and z-
signals are input. In addition, signals equivalent to gunner position commands,
including steps and ramps, are also input to the SS resolver chain. With these
inputs, the SS resolver chain transforms the gunner commands into x-, y-, and z-
signals, substracts the turret x-, y-, and z-signals, and converts the difference
into elevation and azimuth error signals. These error signals are then input to
the UTS plant to drive the turret.

The SS also contains system switches that normally would be contained on the
pilot's or gunner's control panels, but which are not available on these panels.
Included are the turret power, action/standby, and the pilot override switches.
A block diagram of the UTS illustrating the main functional units of the system,
including the SS, Lai shown in figure 1. A sore detailed drawing of the turret
control units is shown in figure 2.

Test Plan

The first phase of the testing was conducted with the UTS mounted on a hard-
stand. This testing was conducted in accordance with the UTS test plan in appen-
dix A. The second phase involved nonfiring and firing tests conducted with the
UTS mounted in a Cobra helicopter on the six-degree-of-freedom (6-DOF) simulator
at WSC.
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Testing on the hardstand included time and frequency response tests and
backlash measurements. Response tests were run with the use of dc, step, ramp,
and sinusoidal input signals. Input and response measurements were taken at
various places throughout the system (app A). The backlash of the UTS was meas-
ured in both .the elevation and azimuth channels. The coulomb friction determina-
tion and external disturbance tests included in the test plan were not run due to
time and equipment limitations. Other deviations from the test plan were found
to be necessary due to system nonlinearity.

With the use of preliminary data developed from the above testing, the opti-
mal controller was implemented and tested, together with the original controller,
in step tests and firing tests conducted at WSC.

Test Execution

A total of 110 tests were run on the UTS while it was mounted on the hard-
stand (app B). These tests include step, ramp, dc, and sinusoidal responses.
The final two tests run were experimental determinations of the backlash in both
the azimuth and the elevation channels.

With some necessary deviations, the step, ramp, dc, and sinusoidal response
tests followed the specifications given in the UTS test plan. The deviations
were necessary due to system characteristics. One such characteristic was non-
linearity. Analysis of sinusoidal responses taken early in the test indicated
that the output was clipped, showing saturation for some inputs. This clipping
resulted in reduced gain.

When the input was reduced in those tests where saturation was found, the
output was no longer clipped, and a higher gain was observed. Due to this
result, the output signal was monitored on an oscilloscope for the remaining
sinusoldal response tests. When clipping was seen, the test plan was deviated
from and the input was reduced until a linear response was found.

In addition to certain sinusoidal responses, nonlinear characteristics were
found in some step responses. The open-loop step responses of the azimuth and
elevation forward paths were markedly nonlinear. When the input levels specified
in the test plan were used, the output signals were definitely clipped. There-
fore the input level was successively halved, with step responses taken each
time. Analysis of the output signals indicated that the signals remained clipped
for each reduced input but that the source of the clipping came from progres-
sively smaller numbers of saturated operational amplifier stages. When the input
was reduced to a level of about *1 mr, the output finally appeared linearly in
both elevation and azimuth.

A second system characteristic requiring test plan deviation was the inabil-
ity of the signals to be input through the system test points as called for in
parts of the test plan. In tests 2, 5, 6, 30, 32, 35, 36, and 60, the test plan
calls for the input to be entered through the test points of the UTS turret con-
trol assembly (although, for all other tests, the test plan specifies that the
input be entered through the sight simulator). When an input is entered through
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the test points, only a small portion of the input actually enters the system,
due to loading effects. The response received is very small in amplitude and is
impossible to analyze. Analysis of the circuitry indicated that considerable
modification would have to be made to the test instrumentation to obtain the
proper response. Based on this information, a decision was made that the
expected data would be insufficient to justify the effort; therefore, the
affected tests were dropped.

Other deviations from the test plan were caused by time and equipment con-
siderations. The coulomb friction testing was postponed to a later date due to
time restrictions, and the external disturbance tests were delayed until a reli-
able gyroscope could be obtained. Results from these tests will be included in a
later report.

Tests of Original and Optimal Controllers

Following the completion of the tests conducted with the UTS mounted on the
hardstand, the turret was put on the Cobra helicopter which was suspended from
the 6-DOF simulator at WSC (fig. 3). While mounted in the helicopter, step and
firing tests were run on the turret with the use of both the original and an
optimal controller.

The optimal controller was designed by Professor N. K. Loh, Oakland Univer-
sity, Rochester, Michigan, by the use of preliminary model data from the WSC
testing. Hardware implementation of the design was accomplished by use of the
modular turret controller (MTC), a general control system implementation test bed
designed and built at WSC.

The optimal controller was designed by the use of modern control theory
techniques. The design minimizes a performance index and feeds back certain
conditioned state variables to the UTS power amplifier to provide fast, stable
control without overshoot (ref 1). Nonfiring and firing tests were run to meas-
ure and compare the original and optimal controllers' performance. Step
responses with an amplitude of *5* were run on both systems in azimuth and eleva-
tion. In addition, a total of 13 firing tests were conducted by the use of a
variety of controller combinations in both channels. A log of the firing tests
is shown below:
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UTS -modular turret controller firing test log

Test no. Azimuth controller Elevation controller

79 Original Optimal
80 original Optimal
81 Optimal Original
82 Optimal Original
84 Optimal Original
85 Original Original
86 Original Original
87 Original Original
94 Optimal Optimal
95 Optimal Optimal

96 Optimal Optimal
97 Optimal Optimal
98 Optimal Optimal

DISCUSSION OF RESULTS

This discussion encompasses two main topics. First, the determination of a
mathematical model of the UTS (based on the test results) is investigated. Sec-
ond, the overall system performance is briefly analyzed as the UTS performance is
compared with the XM97 turret and with the experimental optimal controllers sys-
tems tested at WSC during this and previous programs.

Determination of Mathematical Model

Due to funding limitations, the determination of only a brief portion of the
UTS mathematical model was accomplished.- The data from all tests performed on
the UTS is available at the WSC. This report compares experimental and theoreti-
cal results for two circuits of varying complexity. In each case, the experimen-
tal results compare closely to the theoretical results. This fact indicates that
for the circuits analyzed, the derived theoretical model can be validated as
accurate. With additional effort, a validated model for the entire system can be
derived.

Experimental results from tests on the demodulator circuits indicate close
agreement with theoretical first-order-lag network response. Azimuth demodulator
experimental results from test UTS-76 show a flat response out to about 7 hertz,
followed by a rolloff which increases to about -20 db/decade above 40 hertz.
This curve indicates that the break frequency, the point where the response curve
is down 3 db, occurs at 28 hertz. For comparison, a theoretical first-order lag
response with a break frequency at 28 hertz is also shown in figure 4. Examina-
tion of the azimuth demodulator circuitry indicates that it is a firt-order lag
with a break frequency of I/RC - 1/(6.04 X 10 ohms) X (10 farads) -
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166 radians - 26.4 hertz, and has a gain of 5.6 db. Thus, the experimental and
theoretical results are in close agreement.

Agreement between experimental results and theoretical prediction is also
found for the elevation demodulator circuit. Analysis of the circuitry indi-
cates that the elevation demodulator should demons.rate a firs-order lag
response with a break frequency - I/RC - 1/(4.02 X 10 ohm) X (10 farads)
248.8 radians - 39.6 hertz. Experimental results from test UTS-71 (fig. 5) show
a firpt-order lag magnitude response with a break frequency at 43 hertz.

Phase response for the azimuth demodulator circuit found in test UTS-76
(fig. 6) also indicates agreement with the theoretical predictions. In a first-
order lag phase response the break frequency occurs where the phase angle is
-45%. The experimental phase response shows the same break frequency of 28 hertz
that the magnitude response exhibits.

A more detailed analysis was made on the notch filters used in the UTS
because of their complexity. The theoretical transfer function of the notch
filter was derived from analysis of the system circuit diagrams. This derivation
is shown in appendix C. Once derived, a computer program was used to obtain the
gain and phase responses of the theoretical transfer function of the azimuth
notch filter. These results are plotted, along with the experimental results
from test UTS-15, in figures 7 and 8, and the experimental and theoretical
results for the azimuth notch filter compare closely. Similar results can be
obtained for the elevation notch filter.

The validity of the transfer functions of the demodulator and the notch
filter can be checked by examination of the open-loop test of the forward path up
to the notch filter output. This test was UTS-19 for the azimuth channel. If
the individual transfer functions are valid and if no interaction exists, the
results for test UTS-19 (fig. 9) should be equal to the product of the transfer
functions of the demodulator (test UTS-76) and the notch filter (test UTS-15).
On the logarithmetic decibel scale, this product is equal to the sum of these two
transfer functions. A study of this figure indicates that this product is nearly
equal to the sum of the curves of the demodulator in test UTS-76 (fig. 4) and the
notch filter in test UTS-15 (fig. 7). The sum of those two curves is also shown
in figure 9. This result validates the demodulator and notch filter transfer
functions.

Results from other tests listed in the test log can be used to determine the
rest of the UTS mathematical model. This same technique of determining individ-
ual blocks of the model with appropriate test results and then validating the
transfer function with test results of several blocks in series can be applied
throughout the UTS model.

System Performance Analysis

In a previous progam conducted at WSC, many of the mathematical model deter-
mination tests run on the UTS in this program were performed on the XM97 turret.
In both programs (XM97 turret and UTS) following the model determination tests,

6
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new controllers were designed for the turrets by the use of opcimal control
theory. Each optimal controller was then implemented on the turret and tested.

In both programs, except for the control system electronics, none of the
original turret hardware was changed for implementation of the optimal control-
ler; that is,' the same motors, gear boxes, power amplifiers, and resolvers were
used for both controllers. In the XM97 program, step and firing tests were con-
ducted by the use of the XR97 turret with first its original controller and then
the optimal controllers. Details and results of the previous progam will be
included in a forthcoming report (ref 2).

Some of the results of that XM97 program are compared to the results of the
UTS program in this section. First, a comparison is made of the step responses
of the original X197, original UTS, optimal X497, and optimal UTS controllers.
Also, the backlash of the XK97 and UTS turrets is compared. In addition, the
linearity of the two original and the two optimal controllers are analyzed.
Finally, the firing test data for each control system is discussed.

Comparison of the step responses indicates that the UTS optimal controller
provides the best performance. The measure chosen to judge the performance is
the time required for the controller to return to original position (settling
time), since this value represents the time required for a control system to

return the weapon to the original point-of-aim once it was disturbed. The step
responses of the four controllers are shown in figure 10. A comparison of the
systems is shown in figure 11. For both the X497 and the UTS the optimal con-
troller settles to the initial value faster than its counterpart original con-
troller. The UTS optimal controller has a slightly faster settling time than the
XH97 optimal controller. The 5% settling times for the four controllers are
approximately:

Controller 5% settling time (sec)

X1497 - original 0.68
UTS - original 0.35
XK97 - optimal 0.26
UTS - optimal 0.21

A closer examination of the curves in figures 10 and It reveals how the
controllers operate and how improved performance is obtained. The original XM97
controller has a long settling time because its initial reaction to disturbance
is slow and because it overshoots the original position three times before set-
tling. The original UTS controller obtains a shorter settling time than the
original X197 controller by reacting faster and by reducing the number of over-
shoots to one. Both optimal controllers obtain faster settling times than the
original controllers by eliminating the overshoots. This lack of overshoot is a
feature of the optimal design and allows faster, more accurate controllers to be
designed.

The UTS exhibited smaller gear backlash than the X97 turret in both azimuth
and elevation. The UTS gear backlash was measured in tests UTS-109 and UTS-i0
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in accordance with the UTS test plan, whereas the X097 gear backlash was measured
in the same Way dfttng a previous program. Backlash values obtained in the test-
ing are:

System Channel Backlash (mr)

XH97 Elevation 3.00
XM97 Azimuth 1.40
UTS Elevation 1.25
UTS Azimuth 0.84

The UTS controller performs markedly different than the XH97 controller
(fig. 10). The UTS reacts more quickly to a disturbance and shows much less
overshoot. Part of the reason for this improved performance is due to its
reduced backlash, and part is due to certain UTS step and sinusoidal responses.
Open-loop step and sinusoidal responses of the UTS forward loop show high gain
and nonlinearity.

Similar tests on the XR97 controller in a previous program showed less gain
and nonlinearity. In tests UTS-79 through UTS-84, saturation was noted in the
output for input levels ranging from *17 mr to *2 mr. Saturation was also noted
in the forward-loop sinusoidal response test UTS-18. In this test, signals were
measured at several locations throughout the system. As the input level was
reduced, the output at the end of the forward loop remained saturated, but pro-
gressively more stages became unsaturated. Finally, the entire forward path
became unsaturated when the input level was reduced to *20 millivolts. In the
sinusoidal responses, saturation has the effect of reducing the gain.

With the nonsaturating input levels in UTS-25, a gain of 60 db was observed.
These performances indicate that the UTS has a high forward-loop gain for small
input, but this gain is limited for larger inputs due to saturation. Therefore,
the UTS can react quickly to disturbances but with less overshoot than the X497.

Firing Tests

Each firing test considered in this report consisted of bursts (each burst
having at least 20 rounds) from the 20-am M197 gun in conjunction with the XH97
or UTS turret mounted in the Cobra helicopter which was suspended from the 6-DOF
simulator at WSC. The M197 used in all firing tests is a three barrel 20-rn gun
which fires in a Gatling-gun style. When fired from a hardstand, the M197 pro-
duces a firing pattern wherein every round from a given barrel tends to be in
general proximity to other rounds from the same barrel (fig. 12). The rounds
were color coded so that each target hole could be identified with a round num-
ber. Since the M197 is a three-barrel gun, every third round comes from the same
barrel (that is, in a 20-round burst, rounds 1, 4, 7, 10, 13, 16, and 19 are from
one barrel, rounds 2, 5, 8, 11, 14, 17, and 20 are from the second barrel and
rounds 3, 6, 9, 12, 15, and 18 are from the third barrel).
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Targets from the XH97 and UTS firing tests also show that rounds fired from
the same barrel are in general proximity to each other. In fact, some target
patterns approached those shown in the hardstand tests, thus indicating a very
good controller. The degree that a test firing pattern resembles that of a hard-
stand firing pattern is a good indicator of controller performance; therefore,
the standard deviation or dispersion of shots from each particular barrel was
chosen as a performance measure of the original and optimal controllers.

The impact point of the first round of each barrel in a burst (that is, the
first three rounds of a burst) was eliminated from this analysis due to the mech-
anism of the helicopter and the finite response time of the controllers. When
the M197 gun fires, the recoil force causes the helicopter to pitch quickly down-
ward as shown in figure 13. This pitching motion is so quick that the control
system cannot react fast enough to effectively control the first three rounds of
a burst. This behavior is very similar for all controllers tested. After the
first three rounds, however, the controller can affect the weapon line and can
keep the round impact points in fairly close proximity. Since any controller
cannot affect the impact points of the first three rounds, these rounds are not
included in the controller performance analysis.

The standard deviations of the round impact points for the 10497 and UTS
tests (calculated from the round impact points on the target) are shown in appen-
dix D. Units of the numbers were recorded in inches; however, since the range at
WSC is 1000 inches long, the numbers also represent milliradians of dispersion.
The tests were conducted with the optimal or original system controlling the
weapon in azimuth and elevation as indicated. Mean and standard deviations of
the standard deviations of the round impact points for bursts obtained with the
original and optimal controllers are also shown in appendix D. The most impor-
tant numbers for analysis of controller performance are the means of the standard
deviations for each barrel. They are:

Standard deviation--means (mr)
Barrel 1 Barrel 2 Barrel 3

Controller AZ EL AZ EL AZ EL

XH97 original 1.25 3.90 1.42 2.73 1.32 2.36

XM97 optimal 1.10 1.98 1.40 2.16 1.35 1.64

UTS original 1.03 1.62 1.34 1.39 0.77 1.65

UTS optimal 0.97 1.53 0.67 1.43 0.64 1.75

Generally the optimal controllers provide smaller dispersion than the original
controllers. Also, the UTS with an optimal or original controller has smaller
dispersion than the prototype X097 turret system.

Another method of evaluating the performance of the original and optimal UTS
controllers is by comparison of the overall dispersion of their firing patterns.
The particular dispersion measure that is used in this report is a determination
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of the 80% dispersion circle (that is, the smallest diameter circle that, can be
drawn on the target that contains 80Z of the rounds fired). The radius of that
circle is considered the 80 dispersion and the distance, between the center of
the circle and the point-of-alm (POA), is considered the 8OZ mean of the burst or
its bias error. This overall dispersion criteria corresponds to a requirement in

the Bell Helicopter Development Specification 209-947-281, which states that the
UTS shall be capable of firing a 100-round burst so that 80% of the rounds fall
within a circle of diameter not greater than 12 illiradians.

Overall 80% dispersion and bia3 were determined for the UTS firing tests.
In addition, they were also found for the weapon hardstand tests that were run to
find baseline data for the dispersion of the 1197 gun. In this case, the M197
gun was bolted to a rigid mount and test fired. Both 20- and 25-round bursts
were shot. The dispersion and bias data for all tests were found manually by use
of a template.

Test results are shown in table 1. Overall 801 mean and dispersion data is
shown, as well as an indication of which controller was running the azimuth and
elevation channels during each UTS test. Mean and dispersion data are in inches
of dispersion at the target-which,. for the 1000-inch range at WSC, is equivalent
to milliradians.

The results shown in table 1 indicate that the optimal controller provides a
dispersion that is smaller than that of the original controller and approaches
the dispersion from a rigidly mounted 14197 gun. Focusing on those tests where
the same controller is handling both channels (tests 85 through 87 for the origi-
nal and tests 94 through 98 for the optimal) and the hardstand tests, the follow-
ing average dispersions were found:

Test condition Average 80% dispersion

Turret in helicopter with original controller 3.27 mr

Turret In helicopter with optimal controller 2.74 mr

M197 gun on hardstand 2.31 mr

Controller performance cannot be evaluated by the use of overall dispersion
data on those tests where a different controller is used in azimuth and eleva-
tion. For those tests, the dispersion in each direction must be taken into
account. For this report, it was decided to do the most analysis on individual
barrel dispersion data, evaluating dispersion separately in azimuth and elevation
for all tests. The individual barrel dispersion is considered to be the best
method of analyzing the controller performance with a multibarrel weapon since it
reduces the influence of the weapon effect.

Details of a statistical analysis performed on the individual barrel disper-
sion data are given in appendix D. Basically, the analysis shows that the opti-
mal UTS system provided statistically significant Improved performance over the
original system in azimuth. In elevation, however, there Is no significant dif-
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ference between the original and optimal controller's performance. The reverse
condition was found for the XH97, where the optimal controller was significantly
better than the original controller in elevation, but no significant difference
existed in azimuth.

One difference between the XH97 and UTS firing tests is that position gyro

feedback was used in elevation for the XM97 test. This position gyro feedback
provided a correction for the pitch rotation caused by the weapon recoil force.
Gyro feedback was not used in azimuth in the XM97 test and was not used in either
channel in the UTS test due to failure of the gyro package. The change in
weapon-pointing angle caused by the recoil force is much larger in elevation than
in azimuth; and, without elevation gyro feedback, the controller's performance is
degraded due to the larger error input. In fact, the larger error input may mask
any improvement that would be possible with the UTS optimal controller. In azi-
muth, with much smaller recoil force, the UTS optimal controller performed much
better than the UTS original controller.

The optimal UTS controller was designed very quickly (in less than a week)
without knowledge of an accurate mathematical model. Improved performance could
be obtained from an optimal controller designed more thoroughly and with the
knowledge of an accurate mathematical model. It is quite possible that the model
used to design the UTS optimal controller was in more error in elevation than
azimuth and that this prevented the UTS optimal controller from being signifi-
cantly better than the original in elevation as it was in azimuth.

CONCLUSIONS

Two main conclusions are drawn:

1. The performance of the original UTS controller is superior to that of
the original XH97 controller.

2. Improved UTS performance is obtained by implementation of an optimal

controller.

Also, the following conclusions are drawn:

The original controller and turret of the UTS perform better than the
XH97 system did in similar tests. In the original controller, the demodulator
produces a much cleaner signal than the XM97. The UTS has a higher forward loop
than the XM97, indicating that it can move much faster. This fact is shown in
the UTS step responses. Improved controller performance is also demonstrated in
the firing tests.

In the turret, the UTS has much smaller gear backlash than the XM97.
Since the optimal XM97 turret step response is better than the original UTS step
response, an optimal controller can overcome some penalty of gear backlash. If
optimal control design techniques are applied to future turret controllers,
severe and costly limitations on backlash for the gear train can be relaxed by
implementation of proper control algorithms.

II
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An improved UTS turret response was achieved by design of an optimal
controller for the system. In the field, the optimal controller could be imple-
mented by simple modification of a few electronic components in the turret con-
trol box. It is reasortd.Ie to assume that these electronic components could
easily fit within the area of components that implement the existing control
algorithms. No hardware changes would be required to implement the optimal con-
troller.

All data taken during the tests mentioned in this report is available at
WSC for future use. Further information could be obtained by performance of
those tests which were listed in the test plan but which were not run due to time
and funding limitations. Once all the data was obtained, the entire UTS model
could then be validated by applying the procedures used in this report.

12
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Table 1. Uardstand firing tests for UTS and M197 automatic gun-80Z means
and dispersions

Test no. AZ system EL system 80Z man (ur) 801 dispersion (mr)

79 Original Optimal 5.7 3.7

80 Original Optimal 5.5 2.5

81 Optimal Original 4.3 2.4

82 Optimal Original 7.8 2.5

84 Optimal Original 6.2 3.2

85 Original Original 5.3 3.0

86 Original Original 11.0 3.4

87 Original Original 7.6 3.4

94 Optimal Optimal 6.7 2.6

95 Optimal Optimal 7.1 2.6

96 Optimal Optimal 6.7 2.8

97 Optimal Optimal 6.2 2.7

98 Optimal Optimal 6.0 3.0

1* 41 2.3

2* 4.3 2.4

3* 5.0 2.0

4* 5.1 2.4

5* 4.4 2.7

6* 4.2 2.1

7* 5.5 2.3

* p197 Sun mounted on hardstand.
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Figure 3. Cobra helicopter suspended from six-degree-of-freedom simulator at Ware Simulation Center
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1. Introduction

The purpose of this test is to establish the values of the syst.m pA

that will be used in future design work in the UTS Program. The majoricy of the

testing will be performed with the UTS mounted on a hard stand. There step, DC,

and sinusoidal UTS responses will be measured that will be used to determine system

transfer functions and parameters. The UTS backlash and coulomb friction will

also be measured. The UTS will also be mounted on the helicopter and subjected

to external disturbances from the 6-DOF simulator to determine the system

sensitivities to this input.

2. Test Procedure

2.1 DC, Step, and Sinusoidal Response Tests.

2.1.1 UTS step, DC, and sinusoidal responses are to be taken at the Ware

Simulation Center. Both open loop and closed loop tests will be made. The test

signals will be input and the output response measured at various system points.

The frequency response tests will be made using the BAFCO servo-analyzer.

2.1.2 The details of the DC, step, and sinusoidal response tests are given

in Figure 1. This figure states the input points, drive signals, and test measurements

for each of the tests. For each open loop test, the figure Lists what part of the

UTS is to be disconnected. The figure identifies what information for each test

is to taken on the analog recorder and on channels I and 2 of the DAFCO servo-

analyzer. The input and tests points mentioned in table A-lare identified and

located in table A-2. All of the points are available either at the sight

simulator or the turret control assembly.
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2.1.3 The tests Listed in table A-I were devised with the assumption that

all disconnections and test measurements listed can be accomplished without damaging

UTS components. Each test will be attempted as it is stated in this test plan.

If a test cannot be done due to an inability to measure a test point or to run the

UTS in a certain configuration, the test will be accomplished while adhering as

closely as possible to the test plan.

2.1.4 There is a possibility that time and money constraints will limit

the amount of the testing in this plan that may be conducted. If this happens,

priority will be given to conducting the elevation tests and those azimuth tests

whose results are considered essential in determining a good model. The azimuth

tests which are considered essential are marked with an asterisk in table A-1.

2.2 Backlash Measurement.

A backlash measurement of the UTS is to be taken while the UTS is mounted

on the hardstand . The backlash will be measured by finding how far the weapon

can be turned before engaging gear teeth in both elevation and azimuth by pulling

manually on the end of the weapon with no turret power applied. The amount of

this turning is equal to the backlash and will be measured using a dial indicator.

The backlash measurement will be taken at least eight times in each axis. A mean

and standard deviation will be calculated from the data to determine a statistical

value for the backlash in elevation and azimuth.

2.3 Coulomb Friction Measurement.

2.3.1 General

The coulomb friction of the UTS will be measured with the turret mounted in

the hardstand . The test will consist of a breakaway test and a motor current

versus weapon velocity determination.

The weapon velocity will be measured with the UTS tachometer. The motor

constants, R, L, KV , and KT, and the viscous friction, B, which are needed along

with the test data to calculate the coulomb frictionwill be taken from the UTS
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mathematical model.

Each test will be performed separately in the elevation and azimuth axes.

2.3.2 Breakaway Test.

A force will be applied to the weapon barrels and measured with a dynometer.

The force will be increased until the barrels begin to move. This force will

equal the static friction. The test will be repeated at least eight times in each

axis to obtain a good statistical basis for determining the static friction.

2.3.3 Weapon Velocity Versus Motor Current Determination.

Ramp inputs of various levels will be input to the sight simulator to create

different levels of weapon velocity. The test will be conducted in both elevation

and azimuth. The input level will be made sufficiently large to reduce the effects

of backlash and determine the nonlinear functional characteristics of the coulomb

friction.

The weapon velocity and motor current will be measured for each input level.

The weapon velocity will be measured using the UTS tachometer.

The coulomb friction will be calculated using the test data and the values

given for motor constants given in the UTS mathematical model. The value of

backlash determined in the test described in paragraph 2.3.2 will also be used.

2.4 External Disturbance Tests.

2.4.1 The UTS will be mounted on the helicopter on the 6-Degree-Of-Freedom

(6-DOF) Simtilator. The simulator will be used to impart external motion to the

turret. The external motion will be applied in both pitch and yaw axes if a

working position gyro can be made operational in each axis within the testing

timeframe.

2.4.2 External motion in pitch, and, if possible, yaw, will be applied at the

maximum practical amplitude at 0.5, l.0, and 2.0 hertz. The following measurements
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will be taken with external motion applied and turret power operational.

a. Hull position

b. Hull rate

c. Error signal

d. Tachometer signal (weapon velocity)

e. Saddle acceleration

f. Barrel velocity

g. Barrell acceleration

2.4.3 Vertical motion at frequencies of 6.0, 8.5, and 10 hertz will be

applied to the UTS turret through the 6-DOF actuators. The amplitude will be the

maximum practical to use at the given frequency. The same measurements listed in

paragraph 2.4.2 will be taken for this test although the chief interest will be

in the barrel and saddle acceleration and barrel velocity to determine barrel

motion at these frequencies.
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Table A-' Test and Input Point Identification

NUMBER DESCRIPTION LOCATION

I Sight Stator, AZ Sight Sim.

2 Sight Stator, EL Sight Sim.

3 Demodulator Input, AZ AITP4

4 Demodulator Input, EL AITPL

5 Notch Filter Input, AZ AITP3

6 Notch Filter Input, EL AITP2

7 Notch Filter Output, AZ A2R80

8 Notch Filter Output, EL A2R104

Q Rate Loop Error Signal, AZ A4R3. A4R8

10 Rate Loop Error Signal, EL A3R3, A3R7

11 Current Loop Error Signal, AZ A4RII, A4R12

12 Current Loop Error Signal, EL A3RII, A3R12

13 Current Loop Amplifier Output, AZ A4TP3

14 Current Loop Amplifier Output, EL A3TP3

15 Motor Voltage, AZ J4-F, J4-D

16 Motor Voltage, EL J4-A, J4-C

17 Motor Current, AZ J4-E (shunt,

18 Motor Current, EL J4-B (shunt

19 Tachometer Input, AZ 3-R

20 Tachometer Input, EL J3-T

NOTE: Other than the sight simulator, all locations are in the Turret

Control assembly.
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TESTS PERFORMED
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UTS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTED DESCRIPTION NOTES

I 20 Elev Step 49 --- Elevation closed loop test -Limited data taken, prelim-

inary test. Tests 1-13 were

2 5
° 

Elev Step 50 --- Elevation closed loop test run in order to obtain quick

data that could be used for

3 100 Elev Step --- Elevation closed loop test preliminary analysis.
The preliminary tests in the

4 1°/Sec El ramp .--- EL ramp test (closed loop) test plan will be run again
later taking all data speci-

5 2.5'0/Se, El ramp .--- El, ramp test (closed loop) flied in the test plan. There
,s no real time data for test

6 5
0
/Sec El ramp .--- EL ramp test (closed loop) No. 6 due to A/D swap.

7 5°/Sec El ramp .--- EL ramp test (closed loop)

8 20 Azim Step 19 --- AZ step closed loop test

4 50 Azim Step 20 --- AZ step closed loop test

10 100 Azim Step .--- AZ step closed loop test

11 I°/Sec AZ ramp .--- AZ ramp test (closed loop)

12 2.5
0
/SeL AZ ramp .--- AZ ramp test (closed loop)

13 5
0
/Sec AZ ramp ..--- AZ ramp test (closed loop)

14 AZ Sinusoid Resp lO-XI AZ Motor AZ O/L Sin Resp, Notch Filter Special test Pts: Input:

A2PI- : Output: A2R71, AC213

15 AZ Sinusoid Resp 10 AZ Motor AZ O/L Sin Resp, Notch Filter No saturation evident,
Input = .5V O-P
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UTS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTED DESCRIPTION NOTES

16 AZ Sinusoid Resp 1O-X2 AZ Motor AZ O/L Sin Resp, Notch Filter Special Output Test point:
A2R71, A2CI3, lnput=.44 O-P

17 AZ Sinusoid Resp I1-1 AZ Motor AZ O/L Sin Resp, Current Input level caused saturation,
Loop Amp Input = 1

0

18 AZ Sinusoid Resp 8-1 AZ Motor AZ O/L Sin Resp; Forward Input level caused saturation.

Path to motor Input = 10.

19 AZ Sinusoid Resp 9 AZ Motor AZ OIL Sin Resp For. Path Input level caused saturation.

to motor Input = 10
.

20 EL Sinusoid Resp 39 EL Motor EL O/L Sin Reap, For. Path No saturation evident,

to NOtch Filter Input = 10.

21 EL Sinusoid Resp 40 EL Motor EL O.L Sin Resp Notch Filter No saturation evident,

Input = 10.

22 EL Sinusoid Resp 41-1 EL Motor EL O/L Sin Resp Current Input level caused saturation.

Loop Amp input = 10.

23 EL Sinusois Resp 38-1 EL Motor EL O/L Sin Resp, Forward Input level caused saturation,

Path to motor Input = 10.

24 EL Sinusoid Resp 38-IA EL Motor EL O/L Sin Resp. Forward Rerun of previous to

Path to motor confirm results.

25 AZ Sinusoid Resp 8-2 AZ Motor AZ OIL Sin Resp, Forward No saturation, Input

Path to motor level = 20MV P-P

26 AZ Sinusoid Resp 11-2 AZ Notor AZ O/L Sin Resp, Current Saturation, Input level
Loop Amp 2ONV P-P

27 AZ Sinusoid Resp 11-3 AZ Motor AZ O/L Sin Resp, Current No saturation, Input level =

Loop Amp 20MV P-P
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UTS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTED DESCRIPTION NOTES

28 EL Sinusoid Resp 41-2 EL Motor EL O/L Sin Resp, Current No saturation, Input level =

Loop Amp 20MV P-P

29 EL Sinusoid Resp 38-2 EL Motor EL O/L Sin Reap, Forward No saturation, Input level =
Path to motor 20NV P-P

30 EL Sinusoid Resp 5t-I --- 10 EL C/L Sin Resp System Response = 1/1 G1 . G
Path Gain 

p

31 EL Sinusoid Reap 53-1 --- t0 EL C/L Sin Resp, Torq Reap = (Demod Input)/
Dist Simul (Current Loop Error)

32 EL Sinusoid Resp 51-2 --- 2.50 EL C/L Sin Resp System Response = 1/1 Gfp

33 EL Sinusoid Reap 52-1 --- 2.5
° 

EL Sin Reap, Forward Reap = (Tach Input)/
path (Sight Input)

34 EL Sinusoid Resp 54-1 --- 10 EL C/L Sin Resp, Torq Resp = (Notch Filter Output)/
Dist and Filter (Current Loop Error)

35 EL Sinusoid Resp 55-1 --- 10 EL C/L Sin Reap, Torq Reap (Tach Input)/
Dist Forward path (Current Loop Error)

36 El. Sinusoid Resp 52-2 --- 10 EL C/L Sin Resp, Forward Reap = (Tach Input)/
path (Sight Input)

37 EL Sinusoid Reap 53-2 --- 2.50 EL C/L Sin Resp, Torq Reap = (Demod Input)/
Dist Simul (Current Loop Error)

38 El. Sinusoid Resp 53-3 u-- 0.50 EL C/L Sin Resp, Torq Reap = same as test 37
Dist Simul

39 Ul Sinusoid Resp 54-2 --- 2.50 EL C/L Sin Resp, Torq R-p = (Notch Filter Output)/
Dist and Filter (Current Loop Error)

I
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UTS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTED DESCRIPTION NOTES

40 EL Sinusoid Resp 54-2A 2.50 EL C/L Sin Resp, Torq Reasp some as test 39, Rerun

Dist and Filter of 39 [or smoother data

41 EL Sinusold Resp 54-3 0.50 EL CIL Sin Reap, Torq Resp same as test 39

Dist and Filter

42 EL Sinusoid Resp 55-2 --- 2.50 EL C/L Sin Resp, Torq Resp = (Tech Input)/(Current

Dist For. Path Loop Error)

43 EL Sinusoid Resp 55-3 --- 0.50 EL C/L Sin Resp Torq Reasp Same as test 42
Dist For Path

44 AZ Sinusoid Resp 25-3 -- 0.50 A C/L Sin Reap, Torq Rasp = (Tach input)j(Current
Dist For. Path Loop Error)

a 45 AZ Sinusoid Reasp 25-2 --- 1o AZ C/L Sin Reap, Torq Reap same as test 44.
Dist For. Path

46 AZ Sinusoid Reasp 25-I --- 2.50 AZ C/L Sin Resp, Torq Rasp same as test 44.
Dist For. Path

47 AZ Sinusoid Reap 24-1 --- 2.50 AZ CIL Sin Rasp, Torq Reasp = (Notch Filter Output)/
Dist and Filter (Current Loop Error)

48 AZ Sinusoid Resp 24-2 --- I AZ CIL Sin Rasp, Torq Reasp same as test 47
Dist and Filter

49 AZ Sinusoid Resp 24-3 0.50 AZ C/L Sin Reap, Torq Rasp same as test 47
Dist and Filter

50 AZ Sinusoid Reap 23-3 --- 0.50 AZ C/L Sin Reap, Torq Reap = (Demod input)/
Dist Simul. Current Loop Error

51 AZ Sinusoid Resp 23-2 --- 1 AZ C/L Sin Rasp, Torq Resp same as test 50
Dist Simul.
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UTS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTED OESCRIPTION NOTES

52 AZ Sinusoid Reap 23-1 --- 2.50 AZ CIL Sin Reap Tot Resp same as test 50
Dist Simul

53 AZ Sinusoid Resp 22-1 --- 2.50 AZ C/L Sin Reap, Reap = (Tach input)/(Sight

Forward path Input)

54 AZ Sinusoid Reap 22-2 --- 10 AZ C/L Sin Reap, Forward Reap same as test 53

path

55 AZ Sinusoid Reap 22-3 --- 0.50 AZ C/L Sin Resp, Reap same as test 53

Forward path

56 AZ Sinusold Reap 21-3 --- 0.50 AZ CIL Sin Resp System Reap = 1/1 + G(p

57 AZ Sinusoid Reap 21-2 --- 10 AZ CIL Sin Reap System Response same as test 56

58 AZ Sinusoid Resp 21-1 --- 2.50 AZ C/L Sin Reap System Response same as test 56

59 AZ Sinusol- Rcp 16 AZ Position FDBK AZ O/L Sin Reap, rate loop Reap = (Rate Loop Error)/
(Notch Filter Output) Input =

.2V 0 to peak

60 AZ Sinusoid R.,sp It. AZ Tach & Pos FD8K 10 AZ O/L Sin Reap, Sight Reap (Current Loop Amp)/
to Current Out (Sight Input)

61 AZ Sinusoid Reap 12 AZ lac, & Pos FObK 1
° 

AZ O/L Sin Reap. Current Reap = (Current Loop Error,/
Loop (Current Loop Output)

62 AZ Sinusoid Reap 14-A AZ Tach & Pos FDBK 10 AZ OIL Sin Reap, Sight Rerun of test 60

to Current Out

63 AZ Sinusoid Reap 7 AZ TaL,| & Pos FDbK 10 AZ OIL Sin Resp Reap = (Notch Filter Output)/

Forward path (Sight Input)

64 AZ Sinusoid Resp 13 AZ Tach & Pos FDBK 10 AZ OIL Sin Resp, motor Reap = (Tach Input)/(Current
Loop Fwd Path Loop Output)
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UTS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTED DESCRIPTION NOTES

65 EL Sinusoid Resp 37 EL Tach & Pos FDBK 10 EL O/L Sin Resp Forward Resp (Notch Filter Output)/
path (Sight Input)

66 EL Sinusoid Resp 43 EL Tach & Pos FDBK 10 EL O/L Sin Resp, motor Resp = (Tach Input)/(Current
loop [wd path Loop Output)

67 EL Sinusoid Resp 44 EL Tach & Pos FDBK 10 EL OIL Sin Reap, sight Reap = (Current Loop Amp)/
to current Out. (Sight Input)

68 EL Sinusoid Resp 45 EL Tach & Pos FDBK 10 EL OIL Sin Reasp, Fwd Resp = (Tach Input)/(Notch
path to Tach Filter Output)

69 EL Sinusoid Reap 56 EL Tach & Pos FDBK 1
° 

EL O/L Sin Reap, Sight Reap = (Current Loop Error)/
to Current Error (Sight Input)

70 EL Sinusoid Resp 57 EL Tach & Pos FDBK 1o EL O/L Sin Resp, Sight Reap = (Rate Loop Error)/
to Rate Loop Error (Sight Input)

71 EL Sinusold Resp 58 EL Tach & Pos FDBK 10 EL O/L Sin Reap, Reap = (Notch Filter Input)/
Demodulator (Sight Input)

72 EL Sinusoid Resp 59 El. Tach & Pos FDBK 10 EL O/L Sin Reap, Rate & Reap = (Current Loop Output)/
Current Amps (Rate Loop Error)

73 EL Sinusoid Reap 46 EL Position FDBK to EL O/L Sin Reap, Rate Resp = (Rate Loop Error)/
Loop (Notch Filter Output)

74 AZ Sinusoid Resp 26 AZ Tach & Pos FIBK 10 AZ O/L Sin Reap, sight Reap = (Current Loop Error)/
to current error (Sight Input)

75 AZ Sinusoid Reap 27 AZ Tach & Pos FDBK 10 AZ O/L Sin Reap, sight to Reap = (Rate Loop Error)/
rate error (Sight Input)

76 AZ Sinusoid Resp 28 AZ Tach & Pos FDBK 10 AZ O/L Sin Reap, Reap = (Notch Filter Input)/

demodulator (Sight Input)

I. u mmdm mmmm s
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UTS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTEI) DESCRIPTION NOTES

77 AZ Sinusoid Resp 29 AZ Tach & Pos FDBK 10 AZ OIL Sin Resp, Rate & Resp = (Current Loop Output)/

Current Amps (Rate Loop Error)

78 AZ Sinusoid Resp 15 AZ Tach & Pus FD8K t0 AZ OIL Sin Resp, Forward Resp = (Tach Input)/
Path to Tach (Current Loop Output)

79 AZ Step Response 4-t Azimuth Motor 20 AZ O/L Step Response The output was saturated
for tests 79-83

80 AZ Step Response 4-2 Azimuth Motor 10 AZ OIL Step Response

81 AZ Step Response 4-3 Azimuth Motor 0.50 AZ OIL Step Response No real data due to AID swap

82 AZ Step Response 4-3A Azimuth Motor 0.50 AZ OIL Step Response Rerun of test 81

83 AZ Step Response 4-4 Azimuth Motor 0.250 AZ OIL Step Response

84 AZ Step Response 4-5 Azimuth Motor 0.120 AZ OIL Step Response No saturation evident in
output

85 AZ Step Response 19 --- to Azimuth Closed Loop Resp Data for tests 85 and 86
were not satisfactory

86 AZ Step Response 20 --- 2.50 Azimuth Closed Loop
Response

87 AZ Step Response 20-A --- 2.50 Azimuth Closed Loop Rerun of test 86
Response

88 AZ Step Responbe 19-A --- 10 Azimuth Closed Loop Rerun of test 85
Response

89 AZ DC Gain I Azimuth Motor Azimuth VC Open Loop Gain Input 2.0 VDC Demodulator
Error



IITS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTED DESCRIPTION NOTES

90 AZ Step Response 5 Azimuth Motor AZ O/L Step Resp, Input to Very little response seen,
Notch Filter Loading problem

91 AZ Step Response 3 AZ Tach & Pos FI)BK 10 AZ Open Loop Step Response Data Channel Saturated

92 AZ Step Response 3-A AZ Tach & Pos F1)BK 10 AZ Open Loop Step Response Rerun of test 91

93 AZ Open Loop Res 17 AZ Tach & Pos FDhK AZ O/L Res, Minimum Input Turret touched mechanical
for Motion stop

94 AZ Open Loop Res 17-A AZ Tach & Pos FDBK AZ OIL Res, Minimum Input Input = 1.7MR Step, Repeat

for motion of test 93

95 AZ Open Loop Res 18 AZ Tach & Pos FDBK 2.50 AZ Open Loop Response

96 EL Step Response 34-1 Elevation Motor 20 El. O/L Step Response

97 EL Step Response 34-2 Elevation Motor 1 EL OIL Step Response

98 EL Step Response 34-3 Elevation Motor 0.50 EL O/L Step Response

99 EL Step Response 34-4 Elevation Motor 0.250 EL O/L Step Response

too EL Step Response 34-5 Elevation Motor 0.120 EL O/L Step Response

l1 EL DC Gain 31 Elevation Motor Elevation DC Open Loop Gain

102 EL Step Response 33 EL Tach& Pos FDBK to EL Open Loop Step Response Data Channels Disconnected

102 EL Open Loop Resp 48 EL Tach & Pos FDBK 2.50 EL Open Loop Response Data Channels Dis-onnected

104 EL Open Loop Reasp 48-A EL Tach & Pos FDBK 2.50 EL Open Loop Response Rerun of test 103

105 EL Open Loop Resp 47 EL Tach & Pos FDBK EL OiL Res, Minimum Input Input = -.7MR step
for motion

I - -. . . . . . . .- .. . .. ..-.- ~ - -. - - .- . .



UTS TEST ITEMS

TEST NO. TEST TYPE PLAN NO. DISCONNECTED DISCOKIECTED NOTES

106. EL Step Response 33-A EL Tach & Pos FDBK 1
° 

EL Open Loop Response Rerun of test t02

107 EL Step Response 49 --- 1
° 
Elevation Closed Loop

Response

108 El. Step Response 50 --- 2.50 Elevation Closed Loop

response

109 Azimuth Backlash Para 2.2 --- Measurement of gear backlash 8 measurements were taken
and averaged in each test

109-t1O

110 Elevation Backlash Para 2.Z --- Measurement of gear backlash



APPENDIX C

THEORETICAL DERIVATION OF NOTCH FILTER TRANSFER FUNCTION
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In order to obtain a validated mathematical model for the notch filter

circuits, their theoretical transfer function was derived and the response

of this model was compared to the experimental results. The transfer function

had to be derived for the same circuitry whose response was experimentally

measured. This circuit is shown in Figure C-1.

The transfer function is derived in two parts. First, the transfer
e0  R6+R5  108.8

function for e 0/eA is caiculated as e R5 2 54.4, assuming

that the input current to ARI is zero. Second, the transfer function eA /eI is

calculatei four loop equations:

I I
R .-+ - I -R 0
i S SC 1 0

1 1 1 - i 0
" R2 + SC--C2

I 1 1

IR +R 3  C3 SC3

0 R
SC 4
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These equations are used to solve for 14 in terms of e Then eAJe i is

found using the relation eA = 14 R4 . Finally, • e is found by multipiying:

'A e R6+R 5  e. e
eI  eA  r5  eI  e

Foliowing the outlined steps, this transfer function is derived:

GN 2
eo  G(N2S2  N I S * NO

ei D 3$3 + 2S2 + DiS Do

.here the gain, G, is; R6 +R5 , and the coefficient terms are:

p 5

N = RIR2CIC2

N = RIC2 RICI

N = 1

D3 = R12R3CIC2C3

D2 = R R2CIC + RIR3CIC3 + RIR2C2C3 + R2R3C2C R t R3 CC 3 * RR 2R3 CIC 2
12 ~ 131 122 23 3 t 1

R R

RR4 R4C R4 R C
D ft 1 2 .*RC2 .fRLt1 C1 R2 C3 .1RI31L. 1I21. 1. 2C2.+ C2.R

D, I. + 2 R

R4 R 4
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When the following component values:

R 1 = 000 ohms R5  = 2000 ohms

R2  = 20000 ohms (elevation) R6  = 106800 ohms

R2  = 26100 ohms (azimuth) C1 = 10 microfarads

R3  = 1900 ohms C2  = 1.5 microfarads

R4  = 2000 ohms C3  = 4.7 microfarads

are substituted into the theoretical transfer function, two numerical

transfer functions are obtained:

(I) azimuth:

-- 54.4 (3.915 x TO-4)S 2  , (1.15 x 1O-2)S +.. . I
e i1(0.496 x 0-6 )S

3  
+ (2.626 x 10-3)S 

2  
(3.802 x 10-1)S + 15

(2) elevation:

e -(* 4 2 -21e0 54.4 r
( 3

.0 
x 1O - 4 ) $ 2 + (

1.
15 x 1O - 2 ) S 

-
I

ei (2.679 x 10-6)S
3 

+(2.036 x IO- 3)S
2 
+ (2.989 x 10-)5 + 11.95
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R2  R3
2e

20K* 0196K.

lop4 1 2) AjA

Re 1K R) 2.K

R2 = 20K for Elevation and 26.1K for Azimuth

Figure derived from drawing 11830588

FIGURE C-1 NOTCH FILTER CIRCUIT DIAGRAM
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APPENDIX D

STATISTICAL ANALYSIS OF FIRING DATA
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The target impact points of each round were first analyzed to determine the
standard deviation of the shot group of each of the three barrels of the K197 gun
for each test. The first three rounds of each burst were not included in the
analysis. Thus, the standard deviations for the first barrel fired were calcu-
lated from the impact points of rounds 4, 7, 10, 13, 16, and 19. Similarly,
rounds 5. 8, 11, 14, 17, and 20 were used to calculate the dispersion of the
second barrel fired, and rounds 6, 9, 12, 15, and t8 were used for the third.

Standard deviations for each barrel were calculated using the equation

n -2

S = D-1
n-1

where the Xi represents the distance of the impact point in inches from the

point-of-aim (POA), n = number of rounds from the barrel, and X - mean of barrel
n
\X

i

group- I
n

Standard deviations were calculated for each barrel in both elevation and
azimuth. In elevation, X is the vertical distance from the POA to the impact
point; and in azimuth, X is the horizontal distance.

An example of the test data from which the standard deviations were calcu-
lated is shown in table D-1. As an example,the standard deviation in azimuth for
the first barrel fired in test 84 is calculated as follows:

First, I - 1 (-5.8) + (-5.4) + (-5.2) + (-3.2) + (-5.3)) - -5.117
1

then, S - - [(-5.8 - (-5.117))
2 
+ (-5.4 - (-5.117))

2 
+ (-5.2 - (-5.117))2

+ (-5.8 - (-5.117))2 + (-3.2 - (5.117))2 + (-5.3 - (-5.117))21 - 0.97

The standard deviations are summarized in tables D-2 and -3. The mean and
standard deviations of these standard deviations shown at the bottom of these
tables were calculated by use of equation 0-1.

A statistical analysis can be carried out on the data shown in tables D-2
and -3 to obtain more information about the tested controller and turret per-
formance. First, an analysis of variance technique can be used to determine if
the type of controller used has a statistically significant effect on the shot
dispersion and, further, if any statistical difference exists in the standard
deviations of a barrel depending on whether it is fired first, second, or third.

Further information on the statistical techniques used in this appendix can
be found in references D-1 and D-2. The first step in the analysis is to organ-
ize the data into a table and make the preliminary calculations. This step is
shown in table D-4 for azimuth and in table D-5 for elevation.
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Table D-1. Firing test data for test 84

Impact distance from point-of-aim (POA)* (in.)

Round AZ EL

1 -0.8 1.9

2 -2.4 5.1

3 -4.5 1.2

4 -5.8 -4.9

5 -2.6 -7.4

6 -4.4 -5.8

7 -5.4 -7.3

8 -2.3 -4.4

9 -3.9 -1.3

10 -5.2 -3.7

11 -3.5 -4.2

12 -4.2 -2.2

13 -5.8 -5.7

14 -5.0 -2.6

15 -3.9 -1.7

16 -3.2 -4.5

17 -1.6 -4.4

18 -4.2 -3.6

19 -5.3 -6.8

20 -3.3 -5.2

* POA is the point to which the weapon is boresighted before the test. Positive
numbers indicate impact to the right of the VOA in azimuth and above the POA in
elevation.
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Table D-2. Firing test standard deviations for 0497 program

Standard deviation (mr)
Rounds 4,7.10,13,16,19 Rounds 5,8,11,14,17,20 Rounds 6,9,12,15,18

Test no. AZ EL AZ EL AZ EL

188 1.00 2.45 1.40 1.19 2.30 1.54

189 1.88* 2.09* 1.54* 0.66* 1.31' 1.86"

190 0.92 1.02 1.31 1.05 1.67 0.46

191 1.79 1.69 2.51 2.68 1.19 2.25

199 1.10 2.12 1.58 3.38 1.68 0.76

200 C.:. 1.53 0.85 2.01 0.75 1.50

205 1.69 2.56 1.69 2.63 1.96 1.50

226 0.89 1.73 1.06 2.85 0.85 2.59

258 1.14' 6.70* 2.17' 4.06* 2.16' 2.24*

269 0.65 2.84 0.82 2.96 0.59 2.38

270 0.57 1.71 0.64 1.89 0.78 1.60

273 1.20 2.33 1.24 2.22 1.69 0.90

274 1.09 2.36 1.23 1.56 1.17 1.33

275 1.56 1.45 2.43 1.54 1.62 2.82

276 1.31* 2.65* 1.02* 2.41' 1.08' 2.13'

277 0.66* 4.16' 0.95* 3.78* 0.71' 3.18'

Optim man 1.10 1.98 1.40 2.16 1.35 1.64

Optim std dev 0.40 0.54 0.59 0.75 0.54 0.74

Orig mean 1.25 3.90 1.42 2.73 1.32 2.36

Orig std dev 0.50 2.06 0.57 1.56 0.62 0.57

* Original system in control.
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Table D-3. Firing test standard deviations for UTS program

Standard deviation (ar)

Rounds 4,7.10.13.16.19 Rounds 5.8.11.14.17.20 Rounds 6,9.12,15,18
Test no. AZ EL AZ EL AZ EL

79 0.76* 1.43 1.65* 1.54 0.57* 2.22

80 1.08* 1.56 0.73* 1.00 1.01* 1.21

81 0.83 1.71* 0.71 2.69* 0.70 1.81*

82 2.43 2.32* 0.91 0.88* 0.57 1.49*

84 0.97 1.38* 1.18 1.57* 0.22 1.83*

85 0.74* 0.95* 0.61* 0.88* 0.73* 1.50*

86 1.11* 1.44* 2.49* 1.05* 0.82* 1.08*

87 1.48* 1.93* 1.23* 1.28* 0.72* 2.17*

94 0.75 1.23 0.59 1.13 1.02 2.47

95 0.57 1.89 0.53 1.63 1.17 1.66

96 0.71 1.37 0.67 1.20 0.70 1.60

97 1.04 1.40 0.34 1.66 0.36 1.12

98 0.49 1.80 0.40 1.84 0.42 1.95

Optim mean 0.97 1.53 0.67 1.43 0.64 1.75

Optim std dev 0.62 0.24 0.27 0.32 0.33 0.50

Orig mean 1.03 1.62 1.34 1.39 0.77 1.65

Orig std dev 0.30 0.48 0.76 0.69 1.16 0.37

* Original system in control.
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Table D-4. Azimuth data table and preliminary calculations

Barrel firing number*
System -First Second Third TI.

Original XH97 1.25 1.42 1.32 3.99 15.9201

Optimal XH97 1.10 1.40 1.35 3.85 14.8225

Original UTS 1.03 1.34 0.77 3.14 9.8596

Optimal UTS 0.97 0.67 0.64 2.28 5.1984

T. 4.35 4.83 4.08

T.2 18.9225 23.3289 16.6464

4
T.. = 13.26 . Ti. " 45.8006

iI1

2 T. 58.8978

j -

4 3
T..2 = 175.8276 L -

= 
15.5626

i I J - I

* The "T" notation is shorthand for row and column summation, that is,

3 4 4 3
Ti.- j L j T.j- ij andT..- Z j XJ.

J 1 i-I1.1 JIi

/j
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Table I)-S. Elevation data table and preliminary calculations

barrel firing number*

System First Second Third __.

Original XK197 3.90 2.73 2.36 8.99 80.8201

Optimal XH97 1.98 2.16 1.64 5.78 33.4084

Original UTS 1.62 1.39 1.65 4.66 22.1841

Optimal UTS 1.53 1.43 1.75 4.71 21.7156

T
.j 9.03 7.71 7.40

T.2 81.5409 59.4441 54.76

4 
2

T.. - 24.14 T..2 - 582.7396 T T 158.1282
i-1

3 2 4 3 2
2 195.745 1 x ij - 54.2354

• The "T" notation is shorthand for row and column summation, that is,

3 4 4 3
Ti. Xij, T.j "= 1, and T.. - . Xji-i i-i i -I

The data in tables )-4 and D-5 is used to test two hypotheses. The first
hypothesis is that the means of the data for the systems are equal. Notetionally
this idea is stated as%

Heo tbOriginal 497 " 0Optiml 3(97 ' 4Original UTS " "Optimal UTS"

This approach also can be interpreted as statIng that the system used has no
effect on the shot dispersion. The second hypothesis is that the means of the
data for the barrel firing numbers are equal, or N : u m i2 - P 

"  
This

approach also mesns, if true, that the moment when the barrl is fird has no
effect on the shot dispersion of that barrel. The alternative to each hypothesis
is that at least two of the mean@ differ.

Acceptance or rejection of each hypothesis is based on calculations made of
the data. In each case, a test statistic is determined for the mean square of
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the data and is compared with a critical statistic obtained from a table. If the
test statistic is greater than the critical statistic, then the hypothesis is
rejected. The test statistic for the systems hypothesis is calculated by

*MS SS
error Srror/6

where

SSsystem- Sun of squares (system) T T - 12 D-3
t-12
3

4 3 2 T T. 2

Sserror = Sum of squares (error) I ) . x1 j -

T .IJ + D-4=

J-!

In a like manner, the test statistic for the barrel hypothesis is calculated by

HSbarrel SS barrel/2
H error SSerror A

where

2 T..DSSbarrel - Sum of squares (barrel) - 1 T2j - I)-6

4

SSerror is calculated by use of equation D-4.

The calculations are summarized In an Analysis of Variance (ANOVA) table.
The ANOVA tables for azimuth and elevation are shown In table D-6.
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Table D-6. MIOVA tables-system and barrel effects considered

Sun of Degree of*
Source square* freedom HS FF- -I

AZZIWID

System 0.61457 3 0.20486 5.4981 3.2888

Barrel 0.07215 2 0.03608 0.9683 3.4633

Error 0.22358 6 0.03726

Total 0.91030 11

ELEVATION

System 4.14777 3 1.38259 7.20474 3.28

Barrel 0.37462 2 0.18731 0.97608 3.4633

Error 1.15138 6 0.19190

Total 5.67377 11

*one lees than number of data points used to calculate a given men.

Since the degrees of freedom is equal to one loe than the number of data
points used to calculate a given meant dferror - dft I df rel* The criti-
cal statiatic 7critical is obtained from a standaryftafe of T statistics. The
value of 7 crktic 1 depends on the degrees of freedom of the man squares involved
and the leVeL of confidence, a. chosen for the analysis. A a value of 0.10,
which corresponds to having 90% confidence in the results, was chosen.

Then, 7critical, system - Fn, (dfsystems dferror) -F0.10(3,6) - 3-2888

and Fcritical. barrel ' Fat (dfbarrel, dforror) " F0*10(2,6 ) - 3.4633

According to the theory, the hypothesis can be rejected if F > Fcriticall
The AMOVA tables show that for both azimuth and elevation the hypothesis about
the system mane can be rejected, but that the hypothesis about the barrel mans
cannot be rejected. This approach indicates that at least two of the means of
the firing data standard deviations for the different systems ere different.
Further, then, this idea isaen indication that the type of system used to control
the turret does affect the shot dispersion. On the other hand, the data also
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shows that whether a barrel is fired first, second, or third in a burst makes no
difference in the shot dispersion.

Since at least two of the system means differ, more information can be
determined by application of the most-significant-difference (MSD) test. Also
known as the ulttple-t test, this method is used to determine which data means
are different in a statistically significant manner. While the data summary in
tables D-4 and D-5, show that the standard deviation means are smaller for the
optimal and UTS systems, the MSD method will tell if the differences can be
called significant within a confidence level of 90%.

Before the NSD method can be applied, ANOVA tables must be calculated
wherein the barrel firing number is not taken into account. These ANOVA tables
are shown in table D-7.

Table D-7. ANOVA tables-barrel effects ignored

Sum of Degree of*
Source squares freedom MS F Fo. ,,

AZIMUTH

System 0.61457 3 0.20486 5.5412 2.9238

Error 0.29573 8 0.03697

Total 0.91030 11

ELEVATION

System 4.14777 3 1.38259 7.2482 2.9238

Error 1.52600 8 0.19075

Total 5.67377 11

* One less than number of data points used to calculate a given mean.

These ANOVA tables indicate that the system means are not all equal. The

NSD method requires the MSerro r term from the tables to calculate the standard
error of the mean, Se
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, E -7

where H is the number of data points involved in calculating the system means.

The standard errors of the mean for azimuth are: Si- r2 -- - 0.1110

and for elevation: S- 0.19075 0.25658. These numbers are used to calcu-

late MSO number from the formula: HSD - F2 S- t D-8
X 0.10. -

The t-statistic is obtained from any standard statistics table. The numbers are:

Azimuth: MSD - (,12) (0.111) (1.397) - 0.219

Elevation: MSD - (,2 (0.25658) (1.397) - 0.507

Next tables of differences are set up wherein the means are calculated and sorted
and the differences found. The process is illustrated in tables D-8 and D-9.

Table D-8. Azimuth man ranking and differences tables

Test replications
System 1 3 Total Mean

A: Original 0497 1.25 1.42 1.32 3.99 1.330

B: Optimal XM!97 1.10 1.40 1.35 3.85 1.283

C: Original UTS 1.03 1.34 0.77 3.14 1.047

D: Original UTS 0.97 0.67 0.64 2.28 0.760

Mean Rank: Largest: System A
2nd Largest: System 8
2nd Smallest: System C
Smallest: System D

A B D
1.330 1.283 1.047

D: 0.760 am 3ff

C: 1.047 M

B: 1.283 0.047
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Table D-9. Elevation mean ranking and differences tables

Test replications
System 1 2 3 Total Mean

A: Original XM97 3.90 2.73 2.36 8.99 2.9967

B: Optimal XM97 1.98 2.16 1.64 5.78 1.9267

C: Original UTS 1.62 1.39 1.65 4.66 1.5533

D: Original UTS 1.53 1.43 1.75 4.71 1.5700

Mean Rank: Largest: System A

2nd Largest: System B
2nd Smallest: System D

SSmallest: System C

A B D
2.9967 1.9267 1.57)0

C: 1.5533 1.4434 0.3734 0.0167

D: 1.5700 T.4267 0.3567 --

B: 1.9267 1.0700 -

In the MSD method, the differences are compared to the MSD number calculated
using equation D-8. Every difference in the table that exceeds MSD corresponds
to two means that come from different populations; i.e., the means are different.
Those differences exceeding MSD are circled in the figures. In table D-8 all
differences are circled except B-A - 0.047. This indicates that there is no
statistically significant difference between the performance of Systems A and
B. However, there are statistically significant differences between all other
system combinations, i.e., (A,D), (B,D), (C,D), (A,C), and (B,C). For elevation,
from table D-9, there is no statistically significant difference between systems
(B,C), (C,D), and (B,D), but there is between systems (A,C), (A,D), and (A,B).

Several conclusions can be drawn from the results of applying the MSD
method. First, in azimuth, each UTS system performed significantly better than
each XM97 system. In addition, the optimal UTS system performed significantly
better than the original UTS system. However, the optimal XH97 controller did
not show better performance than the original [0497 controller. In elevation, on
the other hand, the optimal XM97 controller showed significant improvement over
the original XM97 controller, but there is no difference between the performances

of the original and optimal [ITS controllers.
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